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Recurrence‑associated gene 
signature in patients with stage I 
non‑small‑cell lung cancer
Su Han Cho1,4, Shinkyo Yoon2,4, Dae Ho Lee2, Sang‑We Kim2* & Kwoneel Kim1,3*

Recurrent gene mutations and fusions in cancer patients are likely to be associated with cancer 
progression or recurrence by Vogelstein et al. (Science (80-) 340, 1546–1558 (2013)). In this study, 
we investigated gene mutations and fusions that recurrently occurred in early‑stage cancer patients 
with stage I non‑small‑cell cancer (NSCLC). Targeted exome sequencing was performed to profile 
the variants and confirmed their fidelity at the gene and pathway levels through comparison with 
data for stage I lung cancer patients, which was obtained from The Cancer Genome Atlas (TCGA). 
Next, we identified prognostic gene mutations (ATR, ERBB3, KDR, and MUC6), fusions (GOPC‑ROS1 
and NTRK1‑SH2D2A), and VEGF signaling pathway associated with cancer recurrence. To infer the 
functional implication of the recurrent variants in early‑stage cancers, the extent of their selection 
pattern was investigated, and they were shown to be under positive selection, implying a selective 
advantage for cancer progression. Specifically, high selection scores were observed in the variants 
with significantly high risks for recurrence. Taken together, the results of this study enabled us to 
identify recurrent gene mutations and fusions in a stage I NSCLC cohort and to demonstrate positive 
selection, which had implications regarding cancer recurrence.

Lung cancer remains the leading cause of cancer death worldwide. Non-small-cell lung cancer (NSCLC) accounts 
for 80% of all lung cancers, including squamous-cell carcinoma, adenocarcinoma and large-cell carcinoma. 
Approximately 30% of NSCLC patients are diagnosed at stage I (pT1a ~ c and N0M0), and the standard treatment 
of stage I NSCLC is complete surgical resection. Even with complete resection of the tumor, approximately 13% 
of stage I NSCLC patients eventually experience  recurrence1,2. Considering the dismal prognosis of recurrent 
NSCLC, there is an unmet need for further research on the predictive factors of recurrence.

Advances in the understanding of genetic alterations of lung cancer have enabled the molecular subclassifi-
cation of NSCLC. With the identification of mutually exclusive oncogenic drivers, molecularly targeted agents 
targeting EGFR, ALK, ROS1, BRAF, and NTRK have become the standard of care in patients with recurrent or 
metastatic  NSCLC3–7. For an optimal treatment approach based on individual genetic characteristics, actionable 
mutation screening using next-generation sequencing (NGS) is considered part of routine clinical practice. NGS 
enables a “one-size-fits-all approach”, which enables the discovery of rare genetic aberrations and tailoring per-
sonalized treatment. Although the time/cost-effectiveness and comprehensiveness of NGS tests have provided a 
paradigm shift in precision medicine for lung cancer, molecular epidemiological observations exhibit difficulties 
in addressing true drivers and passenger mutations. Considering that the process of molecular evolution may 
occur during cancer progression, stage I NSCLC, which consists of only a tumor mass in the lung parenchyma 
without lymph node metastasis, may represent an ideal model for exploration of the genetic landscape of lung 
cancer. Thus, we attempted to explore the genomic landscape of stage I NSCLC and to investigate the predictive 
genetic properties for recurrence in patients with stage I NSCLC.

Results
Baseline characteristics and survival data. We enrolled 141 patients with NSCLC, and their baseline 
characteristics are summarized in Table 1. The median age was 66 years (range 38–82 years), 75 patients (53.2%) 
were male, and 66 patients (46.8%) were female. The entire study population was Asian. With a median follow-
up duration of 35.4 months (range, 7.59–142.8), the median recurrence-free survival was 65.0 months (range, 
55.1–74.8). There were 28 recurrence events out of 141 patients.

OPEN

1Department of Life and Nanopharmaceutical Sciences, Kyung Hee University, Seoul, Republic of 
Korea. 2Department of Oncology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Republic 
of Korea. 3Department of Biology, Kyung Hee University, Seoul, Republic of Korea. 4These authors contributed 
equally: Su Han Cho and Shinkyo Yoon. *email: swkim@amc.seoul.kr; kwoneelkim@khu.ac.kr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-99197-w&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19596  | https://doi.org/10.1038/s41598-021-99197-w

www.nature.com/scientificreports/

Landscape of gene mutations and fusions in stage I NSCLC patients. We performed targeted 
exome-seq covering 323 cancer genes for 650 stage I non-NSCLC patients to profile the landscape of gene muta-
tions and fusions. Detecting gene fusion was highly dependent on the processing of mapped reads. Thus, a 
variety of process parameters were tested through comparison with the fusion genes reported previously in the 
TCGA pancancer  cohort8. The occurrence of gene fusion events in our cohort was similar to that in the TCGA 
cohort after adjusting the sample size (Fig. 1A, top, r = 0.923; Pearson’s correlation coefficient). Two fusion genes 
were observed in one patient as most, and more than half of patients (115/141, 82%) were determined to have 
no fusion gene events (Fig. 1B). We also profiled somatic mutations and their distribution accordingly by each 
patient and gene. After normalization by total sample size, as described in the fusion gene analysis, a similar 
distribution pattern of mutations was observed compared with the TCGA cohort (Fig. 1A, bottom, r = 0.949; 
Pearson’s correlation coefficient). Most patients (133/141, 94%) had more than 2 mutations, and the median 
mutation frequency was 4 (Fig. 1C, left).

Recurrent mutations and fusion genes of stage I NSCLC patients and comparison with the 
TCGA cohort. Mutations and fusion genes occurring in more than one patient were identified in our stage 
I NSCLC cohort. We discovered 72 mutations and 6 fusion genes whose frequency was greater than two. There 
were 8 genes that were frequently mutated by over 10% across our cohort (Fig. 2A). EGFR showed a higher 
frequency of truncating mutations compared with other genes predominantly exhibiting missense mutations. 
ROS1 had variants of both missense mutations and gene fusions (Fig. 2B). Three of these variants (KDR, EGFR, 
and TP53) were known to be significantly mutated or associated with key pathways in lung  cancer9. We further 
compared the recurrently mutated genes in our cohort with TCGA early-stage (stage I) and late-stage (stage 
IV) lung cancer cohorts. Notably, the recurrently mutated genes of the TCGA stage I cohort were more closely 
matched to our cohort than to the TCGA stage IV cohort (Fig. 2A, top). We investigated how much the genes 
of each stage were significantly matched to our identified genes by permutation test. As a result, the recurrently 
mutated genes of our cohort matched more significantly to the recurrently mutated genes of the TCGA stage 
I cohort than to those of the TCGA stage IV cohort (Supplementary Fig. 1). We obtained 6 recurrent fusion 
events from our analysis, which did not share any genes with one another; therefore, the events consisted of 
12 genes. ALK-EML4 fusion showed the second highest frequency of 2.8% (4/141), which was reported in a 
previous  study8 of a TCGA stage I lung cancer cohort (LUAD, frequency was 1.0%). In particular, the recurrent 
fusion genes of TCGA stage IV lung cancer patients did not overlap with the fusion genes of our cohort (Fig. 2A, 
bottom). The rest of the fusion events, except ALK-EML4 and KIF5B-RET, had not been reported previously, 
whereas several genes were known to play a role in lung cancer development when considering the gene level 
separately. We further investigated how the recurrent mutations and fusion genes were enriched in biological 
pathways (Fig. 2C). The pathway terms for the retrieved genes were enriched for cancer-related biological func-
tions. These pathway enrichment results were compared with the pathway enrichment findings for TCGA early- 
and late-stage lung cancer cohorts. As a result, the Rap1 signaling pathway and the PI3K-Akt signaling pathway, 

Table 1.  Clinical information of 141 NSCLC patients. ECOG PS Easter Cooperative Oncology Group 
Performance Status.

Characteristics Total N = 141 %

Age (median, range, in years) 66 (38–82)

Sex

Male 75 53.2

Female 66 46.8

ECOG PS at diagnosis

0 56 39.7

1 82 58.2

2–3 3 2.1

Smoking history

Never smoker 74 52.5

Ex-smoker 64 43.3

Current smoker 3 2.1

Histology

Squamous 13 9.2

Adenocarconma 118 83.7

Others 10 7.1

Surgery

Wedge resection 17 12.1

Segementectomy 26 18.4

Lobectomy 94 66.7

Bilobectomy 4 2.8
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which were enriched in our cohort, were also specifically enriched in the TCGA stage I cohort (Fig. 2C). In 
contrast, the pathways of the TCGA stage IV cohort were not shown to be concordant with the pathways of our 
cohort.

Gene mutations and fusions correlated with recurrence in stage I NSCLC patients. We inves-
tigated whether there were signatures of gene mutations or fusions associated with recurrence. Genomic altera-
tion in the early stage could be crucial in driving cancer recurrence because many variants in the later stage have 
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Figure 1.  Comparison of the frequency distribution of gene mutations and fusions between our NSCLC 
cohort and TCGA cohort. (A) All fusion genes and mutations were identified from our cohort and TCGA 
cohort according to the same variant calling procedures (top). Detailed distribution of fusion genes in our 
cohort (bottom). (B) The number of fusion genes was described accordingly by the sample rank that was sorted 
from most to fewest fusions (left), and the distribution of the number of fusion genes is shown by a box plot 
(right). (C) Detailed distribution of mutations in our cohort. The number of mutations was described according 
to sample rank that was sorted from most to fewest mutations (left), and the distribution of the number of 
mutations is shown by a box plot (right). Only the samples that had at least one variant were analyzed for their 
distributions.
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a strong possibility of being passenger mutations due to cancer genome instability. The 32 somatic mutations and 
4 fusion genes that recurrently occurred in our stage I NSCLC cohort were selected to analyze recurrence-free 
survival (RFS). Twenty-two somatic mutations and 4 fusion genes were identified to increase the risk of recur-
rence when a patient had the variants, but only 4 of the mutated genes and 2 of the fusion genes had a significant 
correlation with RFS (Fig. 3A–C). The mutation status of ATR, ERBB3, KDR, and MUC6 was significantly asso-
ciated with patient recurrence, although their frequencies were not notably high; specifically, they were 9 (6.3%) 
for ATR, 4 (2.8%) for ERBB3, 14 (10%) for KDR, and 2 (1.4%) for MUC6. The second and fourth most frequent 
fusion genes, GOPC-ROS1 and NTRK1-SH2D2A, showed a significantly high risk of recurrence in the patient 
group with those fusion events. There were many notable mutations that showed a low occurrence frequency in 
our cohort. Therefore, we performed RFS analysis for those mutations with an extended gene set that is associ-
ated with a relevant pathway. The gene set with VEGF signaling pathway enrichment in our mutation profiling 
was tested, and their mutation status showed a significant correlation with cancer recurrence (Fig. 3D). KDR, 
SH2D2A, SRC, and KRAS were included in the VEGF signaling pathway, of which variants were associated with 
cancer recurrence when they were assessed simultaneously. These 4 genes strongly interacted with each other 
in physical interactions, cell signaling pathways, and genetic interactions (Supplementary Fig. 2A and B). To 
examine whether the 4 genes of the VEGF pathway independently contribute to cancer recurrence, the mutual 
exclusivity of variant occurrence among those 4 genes was profiled. Only one case of coexistence of KDR and 
KRAS mutations was observed in the same patient, but no cases of concurrence were observed (Supplementary 
Fig. 2C). We further assessed complementary recurrence patterns of interacting 4 genes, as described in the 
previous  method10, for each pair of genes. We calculated variant complementarity, which is the frequency of 
variants for the gene set of interacting pairs. As shown in Supplementary Fig. 2D, the results showed higher 
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Figure 3.  Prognostic signatures for the tumor recurrence. (A) The hazard ratio and significance of recurrence-
free survival (RFS) tests for gene mutations and fusions in our NSCLC cohort. Only the genes whose frequency 
was over two were subjected to the RFS test, as it was calculated on a sufficient sample scale. The genes colored 
red indicate that patients with the gene variant showed a risk of tumor recurrence when compared to patients 
without the variant. Only the gene marked by an asterisk on the right side showed statistical significance in the 
RFS test. (B) Kaplan–Meier curves of the RFS tests for 4 gene mutations showing a significant hazard ratio. (C) 
Kaplan–Meier curves of the RFS tests for 2 fusion genes showing a significant hazard ratio. All fusion events, 
including the above two fusion genes, were also assessed by RFS tests. (D) RFS tests for the gene set of the VEGF 
signaling pathway. We combined the status of the variants when they were enriched in a specific cancer-related 
pathway together when their frequency was more than two. Only the VEGF signaling pathway showed statistical 
significance in the RFS test among the cancer-related pathways. KDR, KRAS, SRC, and SH2D2A were included 
in the VEGF signaling pathway with variants in our cohort.
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variant complementarity for the interacting gene pairs than all gene pairs, despite low significance. This finding 
implies that the variants in the 4 genes of the VEGF signaling pathway have sufficient functional potential to be 
related to cancer recurrence.

Selective functional implications of gene mutations and fusions associated with cancer recur‑
rence. To infer the functional implication of the recurrent variants identified from our cohort, we examined 
whether the recurrent gene mutations and fusions had a pattern of positive selection. Recently, selection patterns 
across a large number of cancer patients have been  identified11,12 by calculating the ratio of nonsynonymous 
to synonymous mutations at the gene level. A significantly high frequency of nonsynonymous mutations will 
be observed for the given background mutation rates of synonymous mutations when they are under positive 
selection. Thus, this concept can be used to discover candidate genes having cancer driver mutations in addi-
tion to passenger mutations. We obtained the selection scores that were previously calculated for each gene by 
Bayesian  inference11 and a statistical model for covariates (dNdScv)12 based on the mutation patterns observed 
in the TCGA data. Using these scores, we examined the degree of positive selection on the genes that were 
recurrently mutated or fused. As a result, both Bayesian  inference11 and dNdScv12 indicated positive selection 
on recurrent gene mutations and fusions in contrast to the absence of recurrent gene mutations and fusions in 
our cohort (Fig. 4A, left). These signatures were validated by a simulation in which the same number of recur-
rently mutated genes was tested with permutation (Supplementary Fig. 3). We also calculated the selection score 
for the recurrently mutated genes in the TCGA early- (stage I) and late-stage (stage IV) lung cancer cohorts. 
The selection score difference between recurrently and non-recurrently mutated genes was consistent with the 
difference observed in our cohort, as recurrently mutated genes were under more positive selection than non-
recurrently mutated genes (Fig. 4A and Supplementary Fig. 4A, middle and right). Furthermore, higher selective 
scores in recurrently mutated genes were observed to be more significant for stage I than stage IV, regardless 
of the measurement method in the permutation test (Supplementary Fig. 3). Taken together, these results indi-
cated that mutations and fusions in the early tumor stage tended to be more subject to positive selection so that 
they have more functional implications in cancer progression. In our study of tumor recurrence, a significant 
correlation with RFS was observed in gene mutations (ATR, ERBB3, KDR, and MUC6) and fusions (GOPC-
ROS1 and NTRK1-SH2D2A). Interestingly, this significant RFS benefit with two gene mutations (ERBB3 and 
KDR) was only observed in our early-stage cohort when compared with the TCGA stage IV cohort (Supple-
mentary Fig. 5). While the role of ERBB3 mutation in cancer progression and therapeutic resistance has been 
previously  studied13,14,  KRAS15,16,  KDR17, and ATR 18,19 mutations and the GOPC-ROS120,21 fusion gene have 
also been widely studied to determine their functions in cancer biology. Therefore, we investigated whether the 
above genes were under positive selection in lung cancer patients (Fig. 4B and Supplementary Fig. 4B). As we 
expected, most genes showed a selection score over 1, indicating positive selection. Specifically, the Q61H muta-
tion on KRAS, of which the occurrence was 3 in our cohort, was reported for its prognostic and predictive value 
in advanced  NSCLC22 and its role as a predictor of resistance to treatment with tyrosine kinase inhibitors in 
advanced  NSCLC23 (Fig. 4C). The Q12D/C mutation, whose occurrence was 8 in our cohort, is also well-known 
for its oncogenic role in proliferation and widespread neoplastic and developmental defects in lung  cancer24 
(Fig.  4C, top). In addition, the Q472H mutation in KDR, whose frequency was 11 in our cohort, has been 
reported to occur in tyrosine kinase inhibitor-resistant NSCLCs. These previous studies describing the variants 
in our cohort have implications of oncogenic relevance to lung cancer recurrence.

Discussion
We profiled one of the largest selective functional studies including only stage I NSCLC patients in an Asian 
population. Gene mutations and fusions were analyzed by targeted exome-seq (panel-seq), which covered 323 
curated genes. Despite the limited resolution of targeted sequencing, this method was employed successfully to 
identify the genes reported in the previous study for a large lung cancer cohort (TCGA); these genes were KDR, 
BRCA1, BRCA2, EGFR, ERBB2, and TP53 for mutations and ALK-EML4 and KIF5B-RET for gene fusions. These 
gene mutations and fusions were compared to the TCGA lung cancer cohort according to stage. We confirmed 
that a set of recurrent gene mutations and fusions in our cohort was successfully reproduced in the TCGA stage 
I cohort, rather than the stage IV cohort, at the gene and pathway levels, thereby validating the reliability of our 
analysis. Furthermore, we investigated whether the recurrently mutated genes are under positive selection as an 
indicator of cancer progression. The identified genes that occurred recurrently in our cohort were under more 
positive selection than non-recurrently mutated genes, and the difference was more significant in early-stage 
lung cancer patients in the TCGA cohort. This result indicates that the genetic variants identified in early-stage 
cancer by targeted sequencing are able to detect candidate drivers for cancer progression.

Our primary concern was to unravel the signature related to cancer recurrence in stage I lung cancer patients. 
Four gene mutations (ATR, ERBB3, KDR and MUC6) and two gene fusions (GOPC-ROS1 and NTRK1-SH2D2A) 
were obtained as markers that had a significant correlation with RFS. Little is known regarding the implications 
of the identified variants in lung cancer recurrence, except for ERBB3. The feature of positive selection for the 
variants may also be a “proxy signature” of cancer recurrence because gene mutations and fusions would likely 
be under positive selection if they brought gain-of-function in cancer recurrence. The identified markers sub-
stantially exhibited the signature of positive selection, as expected. In the comparison between early- and late-
stage cancer patients in the TCGA cohort, the genes detected in the early stage exhibited higher selection scores. 
These results imply that genetic variants in the early cancer stage have higher probabilities of cancer recurrence. 
Clearly, all these findings need to be confirmed by data from larger cohorts. We further attempted to identify 
the signature associated with cancer recurrence at the system level to overcome limited detection power due to 
the small sample size. The combinatorial mutation status of the genes in the VEGF signaling pathway showed 



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19596  | https://doi.org/10.1038/s41598-021-99197-w

www.nature.com/scientificreports/

A

B

C

KRAS

0
40

80
12

0

KDR
0

1
2

3
4

0
1

2
3

4

SRC

0.
0

0.
5

1.
0

1.
5

0.
0

0.
5

1.
0

1.
5

0.
0

0.
5

1.
0

1.
5

MUC6
0

1
2

3
4

5
6

0
1

2
3

4
5

6

ERBB3

0
1

2
3

4
5

6

0
1

2
3

4
5

6

ATR

0.
0

1.
0

2.
0

0.
0

1.
0

2.
0

M: Selection score by dndScv model (missense)
N: Selection score by dndScv model (nonsense)
B: Selection score by Bayesian model

HR: Hazard ratio
0

2
4

6

GOPC

8

0
2

4
6

8

0
1

2
3

4
5

6

NTRK1

HRBM N M N

HRB BM N M N

V136M

D81N

V297I

Q472H

R791Q
D814N

R1051Q T1258M

V-setV-set I-setI-set Ig_2Ig_2 Ig_2Ig_2 I-setI-set Pkinase_TyrPkinase_Tyr

0 1356aa200 400 600 800 1000 1200

0

11

# 
KD

R
 M

ut
at

io
ns

G12D/C

G13D
Q61H

RasRas

0 189aa100

0

8

# 
KR

AS
 M

ut
at

io
ns

0.0

1.0

2.5

5.0

7.5

10.0

Se
le

ct
io

n 
sc

or
e

Cas
e

Our cohort

Con
tro

l

P=0.04 P=0.3 P=0.13

TCGA stage IV

P=1.3e-08    P=3.2e-01 P=4.7e-08

TCGA stage I 

P=6.3e-189   P=1.7e-31  P=4.7e-82

M NB HR M NB HR M NB HR

M NB HR M NB HR M NB HR

0
1

2
3

4
5

6

ROS1

SH2D2A

GOPC
-ROS1

NTRK1-
SH2D2A

Se
le

ct
io

n 
sc

or
e

Se
le

ct
io

n 
sc

or
e

Cas
e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l
Cas

e

Con
tro

l

Amino acid position

Selection score by dndScv model (missense) Selection score by dndScv model (nonsense)Selection score by Bayesian model

Case: Genes having recurrent variants Control: Genes having no recurrent variants
H

az
ar

d 
ra

tio
H

az
ar

d 
ra

tio

Figure 4.  Selective signatures of recurrent gene mutations and fusions. (A) Selection values were calculated 
based on the Bayesian inference and covariate model (dNdScv) for the genes having variants of which frequency 
was over two. The genes with recurrent variants were compared to the genes with no recurrent variants within 
our cohort (left), stage I TCGA samples (middle), and stage IV TCGA samples (right). The gene numbers that 
were analyzed by Bayesian inference were 80, 4567, and 256 for our cohort, TCGA stage I samples, and TCGA 
stage IV samples, respectively. The gene numbers that were analyzed for the selection values by the covariate 
model were 89, 6863, and 1646 for our cohort, TCGA stage I samples, and TCGA stage IV samples, respectively. 
(B) Selection values for the genes that had a significant association with recurrence-free survival were described. 
Shown are the selection values obtained for lung adenocarcinoma (LUAD) samples from TCGA. dNdScvM 
is the normalized ratio of nonsynonymous to synonymous mutations (dN/dS) for missense mutations. (C) 
Genomic structure with amino acid position was described by using MutationMapper  tool35 for KRAS and 
KDR. The frequency of each amino acid mutation is shown according to its position.
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a significant correlation with cancer recurrence in RFS analysis. In conclusion, recurrent gene mutations and 
fusions in stage I NSCLC patients have functional potential in cancer progression and recurrence, which we 
were able to identify with high fidelity through targeted sequencing.

Materials and methods
Stage I NSCLC patients. A total of 141 NSCLC patients with surgically resected primary lung cancer were 
prospectively enrolled from Asan Medical Center between 2009 and December 2018. All patients provided prior 
written informed consent, and this study was conducted with the approval of the Institutional Review Board of 
Asan Medical Center. All research was performed in accordance with relevant guidelines/regulations, informed 
consent was obtained from all participants and/or their legal guardians. The clinicopathological data and sur-
vival outcomes were collected prospectively. Surgical tumor tissue sections (at least 4 µm thick) were collected 
for next-generation sequencing analysis.

Detection of mutations and fusion genes. Targeted exome-seq was performed with OncoPanel AMC 
version 4, which was designed by Asan Medical Center through SureDesign. The OncoPanel was composed 
of 225 genes for entire exons, 6 genes for rearrangements, and 99 hotspots. The sequencing reads were aligned 
to the hg19 reference genome by using Burrows-Wheeler Aligner (BWA) (http:// bio- bwa. sourc eforge. net). 25. 
The Genome Analysis Toolkit (GATK) (https:// softw are. broad insti tute. org/ gatk). 26 was applied for base quality 
score recalibration, indel realignment, and duplicate removal. The BAM files produced after these processes were 
subjected to MuTect (https:// softw are. broad insti tute. org/ cancer/ cga/ mutect). 27 for the calling of single nucleo-
tide variants (SNVs) and small insertions and deletions (indels).  ANNOVAR28 was then used for the annotation 
of the called SNVs and indels. Data processing and analysis were performed with default parameters. To esti-
mate fusion genes, a fusion event detection tool specific for whole-exome and short-read sequencing platforms, 
 LUMPY29, was used. Genes within 1000 bp each other on the same chromosome were skipped in the analysis 
due to their positional effect, making false matching a fusion gene.

TCGA data processing. We analyzed somatic variant calls in the whole exome sequences of 650, 249, 209, 
and 42 samples for stage I, stage II, stage III, and stage IV across lung cancer cohorts (LUAD and LUSC) from 
The Cancer Genome Atlas (TCGA). All variants processed in a consolidated platform were obtained from the 
UCSC Xena Browser (http:// xena. uscs. edu). Stage I and stage IV samples were analyzed as early- and late-stage 
samples, respectively.

Pathway analysis. We performed a pathway analysis for the genes that were mutated and fused recur-
rently or non-recurrently. The  Enrichr30 tool was used to compute enrichment p values derived from the hyper-
geometric distribution and adjusted for multiple testing. The pathway terms were retrieved from the  KEGG31, 
 Reactome32,  Panther33, and Gene  Ontology34 databases.

Selection score analysis. The two types of selection scores were used to investigate functional implica-
tions for our identified genes that were mutated or fused. All of the two scoring methods were used to calculate 
selection patterns at the gene level based on the ratio of nonsynonymous to synonymous mutations across a large 
number of cancer  patients11,12. However, these methods used different methodologies to compute the statistical 
significance of the difference between nonsynonymous and synonymous mutations, which adopted Bayesian 
 inference7 or a statistical model for  covariate8, respectively. The higher selection score derived from these scoring 
methods indicates stronger positive selection because a gene under positive selection will carry an extra comple-
ment of driver mutations in addition to neutral (passenger) mutations. Additionally, the statistical significance 
of the landscape of positive selection was tested nonparametrically by randomly selecting the same number of 
genes as the gene mutations (fusions) from the human genome and then comparing the mean and median of 
selection scores between the original list and permuted list. This permutation was repeated 1,000 times to gener-
ate a null distribution.

Recurrence‑free survival analysis. We utilized gene mutations and fusions as predictors to perform 
patient recurrence-free survival analysis. For our clinical trial data, the cases in which the genes were mutated 
or fused were classified from the controls and subjected to survival analysis. Patients who died for reasons other 
than cancer were excluded from the analysis. The log-rank test (Mantel-Cox test) was used to determine the 
significance of differences between two groups.

Data availability
Data available on request from the authors.
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